35
Co., Ltd.) equipped with a DP50 camera. Confocal microscopy was carried out on 158 several different microscopes: an inverted Zeiss Observer.Z1 equipped with a 159 LSM780 confocal unit and x40 water immersion objective; a vertical Zeiss 160 microscope with confocal unit LSM700 and x20 air objective; an upright LEICA DM 161 2500 with TCS SPE confocal unit and x40 air objective; a Nikon AZ100 with 162 horizontally-oriented optical axis, Nikon D-ECLIPSE C1 confocal unit and x5 air 163 objective with long working distance (Pernisova et al., unpublished) . An appropriate 164 set of filters was used for GFP imaging (excitation 488 nm, emission 507 nm). 165 PIN3-GFP and PIN7-GFP signal intensity ratio was calculated as a percentage of the 177 signal intensity at the lateral membrane (new bottom membrane after 178 gravistimulation) to the sum of signal intensities at the basal (old bottom membrane 179 before gravistimulation) and lateral membranes. According to this definition, the 180 signal intensity ratio showed changes in the protein redistribution between basal and 181 lateral membranes, thus reflecting the dynamics of protein relocalization during the 182 root gravitropic response. 183
184

Statistical analyses 185
The change in the signal intensity ratio was evaluated from 0 to 5 min after 186 gravistimulation by calculating the signal intensity ratio at time 0 subtracted from the 187 signal intensity ratio at time 5 min divided by five. The resulting value was always 188 positive, suggesting that the signal intensity ratio increased over the first five minutes 189 after gravistimulation. Similarly, the change in the signal intensity ratio was calculated 190 from 5 to 30 min as the average of changes over the particular time period weighted 191 by the length of the time period. The afore-mentioned variables were referred to as 192 the increase of the signal intensity ratio from 0 to 5 min and from 5 to 30 min, 193 respectively. 194 F o r P e e r R e v i e w ahp4 ahp5 and arr1 arr10 arr12 mutants (Fig. 1b) We also investigated a longer time of gravistimulation, specifically 6 and 24 hours. 228
Differences in the gravitropic response of cytokinin receptor single and double 229 mutants after 6 hours were similar to those seen after 3 hours. On the other hand, 230 the gravitropic response was comparable to WT in all ahk single and double mutants 231 after 24 hours of gravistimulation ( we observed that root growth was faster in all tested lines in comparison to WT (Fig.  260   2a) . Next, we investigated the potential effect of cytokinins on cell elongation, which 261 is the dominant mechanism of root bending after gravitropic stimulation. We found 262 that fully differentiated cells were significantly longer in Pro35S:AtCKX3 roots but not 263 in ahk3-7 in comparison to WT (Fig. 2b) . We also explored the potential influence of 264 endogenous cytokinins or cytokinin signaling on auxin-mediated reduction of root 265 elongation. However, root elongation of Pro35S:AtCKX3 and ahk3-7 lines after 266 exogenously applied auxin NAA displayed a WT-like response (Fig. 2c) . 267
Taken together, our results suggest that delayed gravitropic bending is due to the 268 cytokinin impact on gravitropic signal perception in the columella cells or gravitropic 269 signal transduction through the proximal meristem to the root elongation zone rather 270 than on the cell elongation. 271 Table S1 ). Three effects 280 on the DR5rev:GFP expression pattern were distinguishable in the ahk lines: 281 absence of the signal in the quiescent center, signal asymmetry in columella cells 282 and its expansion from columella into the lateral root cap. These differences were 283 visible in single ahk3-7 mutant and were more pronounced in both double mutant 284 combinations containing ahk3-7 allele, ahk2-5 ahk3-7 and ahk3-7 cre1-2. Expression 285 of AHK3-GUS revealed localization of AHK3 in the quiescent center, stem cell niche, 286 columella and stele in the root tip ( after gravistimulation, while at that time there was no change in the auxin 303 concentration identifiable at the upper side of the root (Fig. 3i) . Interestingly, we 304 spotted slight increase in the auxin concentration 60 min after gravistimulation at both (Fig. 3i) . This is in a good agreement with 310 slower root bending on INCYDE after gravistimulation (Fig. S8) . 311
In a conclusion, these data suggest impaired ability to redistribute auxin and delayed 312 root bending in the gravistimulated root in a response to the increase of endogenous 313 cytokinin content. 314 315 Endogenous cytokinins control the abundance and localization of PIN3 and 316
PIN7 in the root tip 317
The auxin response maximum in the root meristem is to a large extent mediated by The PIN3-GFP signal at plasma membranes of columella cells was lower in both the 327 Pro35S:AtCKX2 and Pro35S:AtCKX3 lines and in one of the tested ahk3 mutant lines 328 (Fig. 4a-f, Fig. S2a, Fig. S3 , Table S2 ). Nonetheless, the signal intensity of 329 intracellular PIN3-GFP was comparable to the control in all tested lines (Fig. S2b)  330 and the PIN3 expression niche was not changed either. In contrast to PIN3, the 331 PIN7-GFP signal intensities at plasma membranes were comparable in the WT, To summarize, our results suggest that endogenous cytokinin levels may potentially 346 influence the intercellular auxin distribution via differential regulation of PIN3 and 347 PIN7 abundance and/or localization. In addition, endogenous cytokinin levels delimit 348 PIN7 expression niche. AHK3 alone seems to have no major role in these processes. (Fig. 5a,b, Fig. S7 ). To eliminate the effect of bleaching apparent 361 during the time lapse imaging, we evaluated the data as a signal intensity ratio 362 between lateral and basal membranes (Materials and Methods). 363
The PIN3-GFP signal intensity ratio was comparable in the WT and Pro35S:AtCKX3 364 lines and remained nearly unchanged for up to 30 minutes after gravistimulation in 365 innermost columella cells (Fig. 5c) . In outer columella cells at bottom side of the root 366 tip, the PIN3-GFP signal intensity ratio was slightly increased after 30 minutes (Fig.  367 S7b, Table S4 ). On the other hand, the PIN7-GFP signal intensity ratio increased 368 rapidly within 5 minutes after gravistimulation in both the WT and Pro35S:AtCKX3 369 lines (Fig. 5d, Fig. S5, Fig. S7d , Table S3, Table S5 ), suggesting fast accumulation of 370 PIN7 at the lateral membranes. After the rapid change observed during the first 5 371 minutes, the signal intensity ratio rose only slightly over the subsequent time points. In the ahk3-7 line, all the tested parameters for PIN3-GFP and PIN7-GFP were 378 similar to control (Fig. 5c, d, Fig. S3, Fig. S5 , Table S2 , Table S3 (Fig. S8) . PIN4, another 383 member of the PIN family, was shown to laterally expand in the columella in the pin3 384 pin7 background, potentially masking the absence of PIN3 and PIN7 (Blilou et al., 385 2005). To inspect possible PIN4-mediated rescue of the pin3 pin7 gravitropic 386 response, we tested pin3 pin4 pin7 triple mutant. Our results show partial defect of 387 pin3 pin4 pin7 in the root bending after gravistimulation. However, the triple pin 388 mutant still displayed cytokinin sensitivity in gravitropic bending (Fig. S8) . 389
Altogether, we conclude that the ability of PIN3 and PIN7 to relocalize to lateral 390 membranes in a response to a gravitropic stimulus remains unaffected by decreased 391 endogenous cytokinin levels and/or attenuated AHK3-mediated cytokinin signaling. 392
Notably, PIN7 relocalization after gravistimulation is more dynamic than that of PIN3, 393 suggesting the importance of PIN7 at very early stages after gravistimulation, a 394 notion that has not been elaborated on before. Our data also predict existence of 395 another cytokinin target in the control of early root gravitropic response than the PIN-396 mediated auxin transport in columella. 397
398
Cytokinins influence AUX1 expression in the root tip 399
The expansion of the auxin response from the columella to lateral root cap in In contrast to the AtCKX overexpressing lines, we observed that AHK3 signaling has 485 nearly no effect on PIN3 and PIN7 expression and protein localization in columella 486 cells. This implies that the delay in gravitropic response we observed in ahk3 is due 487
to as yet unknown regulation. Similarly to PIN3 and PIN7, another auxin efflux 488 carrier, PIN4, has been shown to localize to the columella cells and PIN7 seems to be independent of cytokinin signaling and endogenous cytokinin 510 levels. In line with that, the WT-like gravitropic response observed in pin3 pin7 511 suggests rather minor regulatory function of PIN3 and PIN7 auxin efflux carriers 512 and/or ability of other PIN proteins (e.g. PIN4) to complement their role during early 513 gravitropic response in the root tip. This seems to be in contrast to the gravitropic 514 response of hypocotyl (Rakusova et al., 2011) . 515
516
Suggested model 517
Based on our results, we propose a model (Fig. 7) Taken together, cytokinins seem to differentially regulate expression and localization 534 of auxin transporters in the root tip, leading to the gravistimulation-independent 535 changes in the auxin intercellular distribution. However, the AUX1-mediated auxin 536 transport from the columella towards the transition zone seems to be the target in the 537 cytokinin-controlled root gravitropic response. In all charts, the middle point corresponds to the mean, the box value corresponds to 805 the standard error and the whisker value corresponds to the confidence interval. Table S1 . Quantification of DR5rev:GFP aberrations in the root tip of cytokinin 840 receptor mutants. 841 Table S2 . Statistical evaluation of PIN3-GFP signal intensities. 842 Table S3 . Statistical evaluation of PIN7-GFP signal intensities. 843 Table S4 . PIN3-GFP signal intensity measurement. 844 Table S5 . PIN7-GFP signal intensity measurement. 
